C1q-binding ability may indicate the clinical relevance of de novo donor-specific anti-HLA antibodies (DSA). This study investigated the incidence and risk factors for the appearance of C1q-binding de novo DSA and their long-term impact. Using Luminex Single Antigen Flow Bead assays, 346 pretransplant nonsensitized kidney recipients were screened at 2 and 5 years after transplantation for de novo DSA, which was followed when positive by a C1q Luminex assay. At 2 and 5 years, 12 (3.5%) and eight (2.5%) patients, respectively, had C1q-binding de novo DSA. De novo DSA mean fluorescence intensity .6237 and .10,000 at 2 and 5 years, respectively, predicted C1q binding. HLA mismatches and cyclosporine A were independently associated with increased risk of C1q-binding de novo DSA. When de novo DSA were analyzed at 2 years, the 5-year death-censored graft survival was similar between patients with C1q-nonbinding de novo DSA and those without de novo DSA, but was lower for patients with C1q-binding de novo DSA (P=0.003). When de novo DSA were analyzed at 2 and 5 years, the 10-year death-censored graft survival was lower for patients with C1q-nonbinding de novo DSA detected at both 2 and 5 years (P,0.001) and for patients with C1q-binding de novo DSA (P=0.002) than for patients without de novo DSA. These results were partially confirmed in two validation cohorts. In conclusion, C1q-binding de novo DSA are associated with graft loss occurring quickly after their appearance. However, the long-term persistence of C1q-nonbinding de novo DSA could lead to lower graft survival.
The humoral arm of the immune system is accountable for most of the decline in kidney allograft function, leading to graft loss. [1] [2] [3] Donor-specific antibodies (DSAs) identified before transplantation in patients already sensitized are associated with early antibody-mediated rejection (AMR) and poorer graft survival. 4, 5 Alternatively, de novo DSAs (dnDSAs) emerge after transplantation in 13%-27% of previously nonsensitized recipients when detected with current highly sensitive single-antigen flow beads (SAFB) assays. 6, 7 They mostly appear during the first year 7 but also up to 10 years later. 8, 9 Most dnDSA are anticlass II. 6, 8 The putative risk factors are young recipient age, HLA mismatches, deceased donor, mammalian target of rapamycin inhibitor-based immunosuppression and nonadherence to treatment. 6, [8] [9] [10] dnDSA are associated with acute and chronic antibody-mediated renal lesions, 6, 7, 9, 11, 12 chronic graft dysfunction, 6 and lower graft survival. [6] [7] [8] [9] Because a fraction of dnDSA-positive patients escape rejection or graft dysfunction, 9,13 the current challenge is to identify clinically relevant dnDSAs in order to better stratify the individual immunologic risk. Several proposed approaches rely on serum dnDSA SAFB mean fluorescence intensity (MFI) strength, 14, 15 IgG subclass analysis, 16 or complement-binding ability. 17, 18 DSAs are deleterious via different pathways, but complement C4d deposition in peritubular capillaries reflects the central role of complement in AMR endothelial cell aggression. Because C1q is the complement classic pathway's first protagonist, C1q-binding ability could be a hallmark for clinically relevant serum dnDSA. Very little is known about C1q-binding (C1q+) dnDSA incidence, and no risk factors for their appearance have been reported. There is no consensus about the correlation between dnDSA SAFB MFI levels and C1q-binding ability. 15, 17 Until recently, the prognostic value of C1q+ dnDSA had been assessed in only two studies, 15, 19 but a large, recently held study showed that C1q+ dnDSA conferred a higher risk of kidney allograft loss than C1q2 dnDSA. However, that study described neither the kinetics of DSA ability to bind C1q over time nor the long-term effect of both C1q+ and C1q2 dnDSA. 20 Our objectives were to describe the kinetics of C1q-binding ability of dnDSA at 2 and 5 years after transplantation, the risk factors associated with their appearance, and the long-term effect of both C1q+ and C1q2 dnDSA in a population of pretransplant nonsensitized kidney recipients.
RESULTS

Patient Characteristics
This study included 346 recipients. Their baseline characteristics are shown in Table  1 . All were non-HLA-sensitized before transplantation and received a deceaseddonor primary transplant. At 2 years after transplantation, 20 (6%) had experienced at least one borderline rejection episode, 43 (12%) had at least one biopsyproven T cell-mediated rejection episode, and five (1.4%) had a clinical acute AMR episode. Mean follow-up duration (6SD) was 109634 months.
dnDSA at 2 Years after Transplantation At 2 years after transplantation (Figure 1 ), 25 (7%) patients had a total of 41 dnDSAs (average, 1.6 dnDSAs per patient). Among them, six (1.7%), 21 (6%), and two (0.6%) had class I, class II, and class I+II dnDSAs, whose median (range) MFIs were 1500 (565-2703) and 5538 (516-17348) for class I and class II, respectively. Twelve (3.5%) patients had C1q+ dnDSAs (average, 1.5 C1q+ dnDSAs per patient). Two (Figure 2A) . A receiver-operating characteristic curve analysis (result not shown) showed that a dnDSA MFI threshold of 6237 predicted the presence of C1q+ dnDSA with sensitivity, specificity, and positive and negative predictive values of 78%, 91%, 87.5%, and 84%, respectively (area under curve, 0.91). Four patients had C1q+ dnDSAs with an SAFB IgG MFI,6237. Serum pretreatment with EDTA revealed an SAFB IgG MFI far above this threshold in all four patients (Table 2) . EDTA pretreatment was not performed for the other sera. No class I dnDSA was C1q+, but class I dnDSA MFI was ,6237.
dnDSA at 2 Years after Transplantation and Clinical Outcome at 5 Years Acute AMR occurred in seven additional patients after 2 years, none of whom had dnDSA at 2 years. The eGFR at 1, 2, and 5 years after transplantation was similar between patients without dnDSA, with C1q+ or C1q2 dnDSA (Supplemental Table 1 ). Patients with dnDSAs at 2 years had a poorer 5-year death-censored graft survival than those without dnDSAs (P,0.001) ( Figure 3A) , with no difference between class I and class II (result not shown). The 5-year death-censored graft survival rate was lower in patients with C1q+ dnDSAs than in those without dnDSAs (67% and 97%, respectively; P,0.001) but was similar between patients with C1q2 dnDSA (92%) and without dnDSA (P=0.6) ( Figure  3B ). The five patients who died between 2 and 5 years were all in the no dnDSA group (P=0.8).
dnDSA at 5 Years after Transplantation At 5 years after transplantation (Figure 1 ), 316 patients were alive with a functioning graft and an available serum sample. Among them, 30 (9.3%) had a total of 47 dnDSAs (average, 1.6 dnDSAs per patient). Overall, 12 (3.7%), 22 (6.9%), and four (1.2%) patients had class I, class II, and class I+II dnDSAs, whose median (range) MFIs were 1322 (566-3970) and 5959 (533-21599) for class I and class II, respectively. Only 8 (2.5%) patients had C1q+ dnDSAs (average, 1.5 dnDSAs per patient), one of whom had C1q+ and C1q2 class II dnDSA. Among the 47 dnDSAs, 12 (25.5%) were C1q+, all against HLA-DQ. The 35 C1q2 dnDSA targeted both class I and class II antigens (anti-A, seven; anti-B, four; anti-Cw, four; anti-DR, seven; anti-DQ, 12; anti-DP, one). DnDSA MFI was correlated with C1q binding ability (r 2 =0.59; P,0.001) ( Figure 2B ). All C1q+ and all C1q2 dnDSAs displayed an SAFB MFI .10,000 and ,10,000, respectively. No Figure 1 . Study flowchart. Patient distribution according to the presence of dnDSAs and C1q-binding dnDSA (C1q+ dnDSA), as well as the number of dnDSAs. dnDSAs were screened at 2 and 5 years after transplantation in 346 and 316 patients, respectively. Two patients at 2 years and one patient at 5 years after transplantation had both C1q+ and C1q2 dnDSA.
class I dnDSA was C1q+, but all class I dnDSA MFI values were ,10,000.
Evolution of dnDSA between 2 and 5 Years after Transplantation Among the 321 patients without dnDSA at 2 years after transplantation, 283 (88%) still had no dnDSAs at 5 years, but 11 (3%) and two (1%) developed C1q2 and C1q+ dnDSAs in between, respectively ( Figure 4A , Table 3 ). Among the 13
C1q2 dnDSA patients at 2 years, none became C1q+ at 5 years, nine (69%) remained C1q2, and 3 (23%) no longer had dnDSAs. Among the 12 C1q+ dnDSA patients at 2 years, six (50%) remained C1q+ at 5 years while two (17%) became C1q2.
dnDSA at 2 and 5 Years after Transplantation and Graft Survival Three patient groups were constituted to analyze the long-term effect of C1q+ and C1q2 dnDSAs: patients without dnDSAs at 2 and 5 years (n=308), patients with only C1q2 dnDSAs at 2 or 5 years (n=24), and patients with C1q+ dnDSAs at 2 or 5 years (n=14). The latter group included two patients with C1q+ then C1q2 dnDSAs at 2 and 5 years, respectively (Table 3) .
After 5 years, patients with C1q+ dnDSAs at 2 and 5 years still had a lower graft survival rate than C1q2 dnDSA patients (P=0.05) ( Figure 5A ). However, long-term death-censored graft survival rate was lower in patients with C1q+ or C1q2 dnDSAs than in those without dnDSAs. The difference in death-censored graft survival between patients with C1q2 dnDSAs and those without dnDSAs appeared after 5 years, suggesting that prolonged exposure to C1q2 dnDSAs also accelerated graft loss. The dnDSA number and dnDSA MFI sum were less efficient than C1q-binding ability for classifying the risk of graft loss (result not shown).
dnDSA at 5 Years after Transplantation and Graft Survival
To analyze the long-term effect of C1q2 dnDSAs, we compared the long-term death-censored graft survival rate between patients with C1q2 dnDSAs at 5 years (n=22) and those with C1q+ dnDSAs (n=8) or no dnDSAs (n=286) at 5 years. We divided the C1q2 dnDSA group into three subgroups: patients with no dnDSAs at 2 years and C1q2 dnDSAs at 5 years (2 years2/5 years+ C1q2 dnDSA; n=11), patients with C1q2 dnDSAs at both 2 and 5 years (2 years+/5 years+ C1q2 dnDSA; n=9), and patients with C1q+ dnDSAs at 2 years and C1q2 dnDSAs at 5 years (n=2). No graft loss occurred in the latter small group. Patients with 2 years2/5 years+ C1q2 dnDSAs had the same graft survival rate as patients with no dnDSAs (P=0.3) ( Figure 5B ). In contrast, patients with 2 years+/5 years+ C1q2 dnDSAs had a lower death-censored graft survival rate than those without dnDSAs (P,0.001) and had the same long-term outcome as patients with C1q+ dnDSAs at 5 years (P=0.8). Twelve patients died after 5 years post-transplantation: Eleven had no dnDSAs and one had C1q2 dnDSAs (P=0.9).
Histology of Graft Failure
Among the 51 patients who lost their graft during follow-up, 46 had a "for cause" graft biopsy (Table 4) . Median time between transplantation and biopsy was similar between patients without dnDSAs at 2 and 5 years (n=34), patients with only C1q2 dnDSAs at 2 or 5 years (n=5), and patients with C1q+ dnDSAs at 2 or 5 years (n=7) Univariate then multivariate analyses also identified HLA A-B-DR-DQ mismatches, HLA-DQ mismatches, and cyclosporine-based immunosuppressive regimens as independent risk factors for C1q+ dnDSA appearance (Table 5) .
External Validation Cohorts
A first validation cohort originated from Hospices Civils de Lyon. Evolution of dnDSAs between 1 and 5 years is shown in Table 3 and Figure 4B . Because only two and six patients had C1q2 and C1q+ dnDSAs at 1 year, respectively, analyzing the 5-year death-censored graft survival according to the 1-year C1q+/2 dnDSA status was impossible. With most dnDSAs occurring at 5 years, we confirmed that shortly after the occurrence of C1q+ dnDSAs, death-censored graft survival rate was significantly lower than in patients with no dnDSAs or with only C1q2 dnDSAs ( Figure 6A ). Death-censored graft survival rates in patients with C1q2 dnDSAs were not lower than in patients with no dnDSAs, but no patient in this cohort had persistent C1q-dnDSAs at either 1 or 5 years.
A second validation cohort originated from the University of Manitoba ( Figure 4C , Table 3 ). Again, because only three patients presented C1q+ dnDSAs at 2 years, analyzing the 5-year death-censored graft survival rate according to the 2-year C1q+/2 dnDSA status was impossible. This cohort confirmed that long-term death-censored graft survival rate was lower in patients with C1q+ or C1q2 dnDSAs than in those without dnDSA ( Figure 6B ). Of note, graft losses in the C1q+ group were delayed compared with the original Bordeaux cohort, as was the occurrence of C1q+ dnDSA. Finally, because only six patients had C1q2 dnDSAs at both 2 and 5 years, we could not confirm whether patients with persistent C1q2 dnDSAs detected at both 2 and 5 years had a lower graft survival rate (data not shown).
DISCUSSION
The association between dnDSA and lower graft survival rate reported in previous studies led to the proposal of introducing dnDSAs as an immunologic marker for post-transplant follow-up. The present study confirms that C1q+ dnDSA is a valuable tool associated with early graft loss but suggests that long-term exposure to C1q2 dnDSA is similarly associated with graft failure.
In our study, the incidence of dnDSAs (7% at 2 years and 9% at 5 years after transplantation) was lower than previously reported, 6,7 possibly because we performed antibody screening less frequently. However, the proportion of C1q+ dnDSAs was consistent with other studies. 15, 19 As previously described, 15, 17, 18, 21 we observed a correlation between DSA MFIs and their ability to bind C1q. We defined an MFI threshold that predicted C1q binding with very good sensitivity, specificity, and positive and negative predictive values. Nevertheless, the value of this observation is hampered by weak correlation coefficients because some dnDSAs with high MFI do not bind complement. The latter scenario could be due to the IgG isotype or to changes in the glycosylation status of the Fc fragment. 22 Low MFI DSAs were previously found to be C1q+, 20 and this also occurred in four patients in our study. For these four patients, the explanation was a complement interference phenomenon due to the accumulation on the beads of activated C3 and C4, dose-dependently hindering the binding of the fluorescent anti-IgG conjugate to the serum HLA antibody. 23 Chelating bivalent cations with EDTA to block complement activation restored the detection of anti-HLA antibodies. 24, 25 Therefore, in the absence of EDTA, the SAFB assay underestimated the MFI strength of these C1q+ dnDSAs in these four patients. This finding raises the hypothesis that the EDTA-treated SAFB assay could be better correlated with the C1q assay than the classic IgG SAFB assay. However, our study is insufficiently powered to answer this question. If this hypothesis is true, DSA detection with serum EDTA pretreatment may improve the accuracy of IgG SAFB testing to predict graft loss in the future.
We also noticed that class I dnDSAs had a lower MFI than did class IIs and were all C1q2. It is unknown whether class I dnDSAs do not bind C1q because they intrinsically cannot or because of an insufficient serum concentration reflected by a low SAFB MFI. Previous studies reporting both class I and class II C1q+ antibodies, either preformed or de novo, 17, [19] [20] [21] strongly support the latter hypothesis.
The major findings of the present study are related to the long-term follow-up of our patients. The availability of two sera at 2 and 5 years after transplantation for each patient allowed us to monitor the evolution of dnDSAs and compare graft survival according to the duration of exposure to C1q+ or C1q2 dnDSAs. We first confirm the widely reported negative effect of dnDSAs on graft survival. [6] [7] [8] [9] 20 We also confirm previous results showing a poorer medium-term graft survival in patients with C1q+ dnDSAs compared with those with no dnDSAs or C1q2 dnDSAs. 15, 19, 20 Of note, we also observed in the original cohort that patients with C1q2 dnDSAs at 2 and 5 years had the same 10-year graft survival rates as those with C1q+ dnDSAs, whereas C1q2 dnDSAs detected only at 2 or 5 years had no significant effect on graft survival. Thus, a long exposure (here for at least 3 years) to C1q2 dnDSA could also be associated with graft loss. Using the Lyon validation cohort, we confirm that medium-term death-censored graft survival rate is lower in patients developing C1q+ dnDSAs than in patients without dnDSAs or with C1q2 dnDSAs. Using the Manitoba validation cohort, we confirm that after 5 years, both patients with C1q+ or C1q2 dnDSAs at 2 or 5 years have a lower graft survival than those without dnDSAs. However, none of these two cohorts contained enough patients with C1q2 dnDSAs at both 2 and 5 years to confirm definitively that long-term exposure to C1q2 dnDSAs is also associated with graft failure.
From a mechanistic point of view, this difference in effect over time between C1q+ and C1q2 dnDSAs suggests that two processes underlie chronic antibody-mediated graft injuries and graft loss initiated by DSA deposition. 26 On the one hand, as C1q is the complement classic pathway's first protagonist, the ability of DSA to bind C1q in vitro should determine its ability to activate the complement cascade in vivo, 27 before membrane attack complex formation and subsequent lysis of renal endothelial cells, which lead relatively quickly to graft loss. On the other hand, C1q2 dnDSAs could cause long-term graft loss independently of complement activation by inducing persistent microcirculation inflammation and antibody-dependent cell cytotoxicity, 28, 29 or by direct activation of endothelial cell survival and proliferation. 30 The association between complement-binding ability and time to graft loss in patients with DSAcouldalso have a therapeutic effect. The anti-C5 antibody eculizumab is a promising tool that inhibits complement membrane-attack complex formation and reduces early clinical AMR. 31 Our findings suggest that DSA+ patients treated with eculizumab could have a better medium-term, but not long-term, graft survival.
We were unable to confirm whether more acute clinical AMR occurs in patients with C1q+ dnDSAs. 7, 12 This could be due to the absence in our center of early protocol graft biopsies, which usually show subclinical AMR in patients with preformed DSA. 32, 33 Loupy et al. reported that patients with C1q+ DSAs had more microcirculation inflammation and C4d deposition than those with C1q2 DSAs or no DSAs in 1-year protocol biopsies. This association could fade over time because our late biopsies exhibited a high incidence of interstitial fibrosis, tubular atrophy, and transplant glomerulopathy, without any difference in microcirculation inflammation or C4d deposition between patients with C1q+, C1q2, or no dnDSAs. Nevertheless, we found that AMR was the leading cause of graft loss both in patients with C1q2 and C1q+ dnDSAs, whereas mostly interstitial fibrosis/tubular atrophy and isolated transplant glomerulopathy were found in the last biopsy before graft loss in patients without dnDSA. These results are in line with the negative effect of both C1q2 and C1q+ dnDSAs on graft outcome.
Finally, we found two independent risk factors for C1q+ dnDSA appearance. The first was the number of HLA A-B-DR-DQ mismatches (and the number of DQ mismatches alone), which is widely recognized as a risk factor for dnDSA appearance. 6, [8] [9] [10] The second is the cyclosporine A (versus tacrolimus)-based immunosuppressive regimen started at the time of transplantation. Our results thus suggest that tacrolimus could more strongly inhibit the humoral alloresponse. This could partly explain the better efficacy observed with tacrolimus after kidney transplantation in some previous reports. 34, 35 Other items classically associated with sensitization may be lacking in our analysis, but blood transfusions are not associated with the appearance of dnDSAs, 36 nonadherence is difficult to measure reliably, 37 and no post-transplantation pregnancy occurred during the follow-up.
In conclusion, this 10-year follow-up study shows that both C1q+ and C1q2 dnDSAs are associated with graft loss and that a longer exposure to C1q2 than to C1q+ dnDSAs is possibly needed to induce graft failure.
CONCISE METHODS
Patients
The 370 consecutive nonsensitized patients who received a deceaseddonor kidney allograft at Bordeaux University Hospital from January 1998 to December 2005 were eligible for this retrospective study. Because dnDSAs were retrospectively screened at 2 and 5 years after transplantation, we excluded the 16 recipients who died with a functioning graft or lost their graft before 2 years, as well as the three patients without serum collected at 2 and 5 years (Figure 1 ). Demographic data, immunosuppressive regimens, biopsy-proven acute rejection, serum creatinine, patient and graft survival, and other clinical data were obtained from our electronic medical database. Patients were followed until June 2012. The local institutional review board approved the study, and each patient provided informed consent.
Two external validation cohorts originated from the Hospices Civils de Lyon, Hôpital Edouard Herriot (Lyon, France), and University of Manitoba (Winnipeg, Canada). The 295 patients from the Hospices Civils de Lyon underwent transplantation between 2000 and 2009. Their characteristics are shown in Supplemental Table 2 . Sera were available at 1 (instead of 2) and 5 years after transplantation. The characteristics of the 508 patients from the Canadian cohort have been previously reported. 9 Sera were available at 2 and 5 years after transplantation.
Anti-HLA Antibody Screening
For the Bordeaux cohort, serum samples obtained before and 2 and 5 years after transplantation were screened for HLA class I and II antibodies using the LABScreen Mixed flow beads assay (ref LSM12; One Lambda, Canoga Park, CA). We excluded another five recipients who had preformed anti-HLA antibodies retrospectively detected by Luminex on the pretransplant sera ( Figure 1 ) because until April 2005 the routine detection of anti-HLA antibodies relied on a slightly less sensitive ELISA (One Lambda). When the result of the post-transplant screening assay was positive, antibody specificities were determined using the class I and/or II SAFB assays (ref LS1A04 and LS2A01, respectively; One Lambda). Tests were performed according to the manufacturer's protocols. For the SAFB assays, the MFI results were normalized using the baseline formula proposed by the HLA Fusion 2.0 software (One Lambda), as described previously. 38 The threshold for positivity was set at a baseline MFI value of 500. DSA antigenic targets were identified by comparing the donor-recipient mismatched HLA to the antibody profile for each patient's sample. DNA typing of the C (LabType SSO; One Lambda) and DPB1 (Olerup SSP-PCR; Bionobis, Guyancourt, France) loci was additionally performed for donors and recipients when the recipient was sensitized against Cw or DP antigens.
For the external validation cohorts, pre-and post-transplant sera were first analyzed using flow bead screening assays. For the positive post-transplant sera, antibody specificities were determined using the class I and/or II SAFB assays (One Lambda and Immucor [Norcross, GA] for the Manitoba and Lyon validation cohorts, respectively).
C1q-Binding Assay
For the Bordeaux cohort, sera containing dnDSAs underwent further testing using a C1q SAFB assay with a protocol slightly modified from Lachmann et al. 18 After heat inactivation at 56°C for 30 minutes and centrifugation, serum (18 ml) was spiked with 4 ml of human C1q (4 mg; Quidel, San Diego, CA) and incubated with 2 ml class I or class II SAFB for 20 minutes at room temperature. A biotinylated monoclonal anti-human C1q antibody (clone 3R9/2, Quidel) was added (30 ml of a 1:30 dilution) and incubated for 20 minutes. Beads were washed twice with the washing buffer from the SAFB kit and resuspended in 100 ml PE-conjugated polyclonal anti-mouse IgG (1:100; Beckman-Coulter, San Jose, CA) for a 20-minute incubation period. Beads were washed twice and resuspended in 80 ml PBS (Thermo Fisher Scientific, South Logan, UT). Data were acquired using a Luminex 100 analyzer. For the external validation cohorts, the C1q-binding ability of dnDSAs was analyzed with the SAFB assay (C1qScreen; One Lambda) performed at the University of Manitoba for the Canadian cohort and at Bordeaux University Hospital for the Lyon cohort.
Serum Preincubation with EDTA to Investigate a Complement Interference Phenomenon
Sera containing C1q+ dnDSA, which had an MFI in SAFB assay below the threshold predicting C1q binding, were retested with the SAFB assay after preincubation with EDTA to disrupt C1, as previously reported. 23, 24 
Graft Outcome
The eGFR was calculated by the Modification of Diet in Renal Disease formula at 1, 2, and 5 years after transplantation. "For cause" allograft biopsies were performed when serum creatinine rose by more than 20% compared with previous measurements or when increased levels of proteinuria were detected. Protocol biopsies were not performed in our center. The last biopsy specimen available before graft loss was retrospectively analyzed by the same pathologist according to the most recent Banff classification. 39, 40 All acute rejections were biopsy proven and classified in the same manner. Graft loss was defined as return to dialysis.
Statistical Analyses
Comparisons between the groups were performed using conventional statistics for matched data: the McNemar chi-squared or Fisher test for qualitative variables, t test, or Wilcoxon rank-test were used when appropriate. Graft survival and patient survival were analyzed with the KaplanMeier method, and group differences were assessed by the log-rank test. The variables potentially associated with the occurrence of dnDSAs or C1q+ dnDSAs were subjected to univariate analysis. Risk factors with P,0.05 were included in a multivariate model. Analyses were performed with JMP.10, version 2012 (SAS Institute Inc., Cary, NC).
